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Abstract 
Naturally fractured basement reservoirs exist in basins around the world. The intensity and nature of fracturing controls the 
productivity of these reservoirs and their potential for development. The Clair field located 75 km west of Shetlands is an 
example of a field with an oil bearing basement reservoir and is used as a case study for this paper. Discrete fracture networks 
(DFN) are a technique of explicit fracture modelling which is becoming increasingly used in industry workflows. In basement 
reservoirs the matrix has no porosity, therefore hydrocarbon storage and flow is constrained to the fracture network. DFN 
modelling allows observations of fracture density, orientation, size and aperture to be used to generate an explicit realization of 
the fracture network. 
This paper investigates the recovery factor and production performance sensitivity to fracture parameters through 
modelling DFN and upscaling via the Oda method. A 3D percolation model for power law distributed fracture lengths was 
developed to predict fracture connectivity and validate use of the Oda method. Through DFN studies of the Clair basement, the 
impact of the fracture uncertainty on recovery factor and production performance was investigated. Results indicate relative 
permeability of the calcite filled hydrocarbon bearing fractures has the strongest impact on recovery factor, and fracture 
aperture primarily dominates initial well rates. Fracture parameters describing density, orientation, size, aperture and 
permeability are shown to have varying impact on recovery factor and production performance. 
DFN techniques offer a clear workflow for fracture analysis, however are limited by the large number of measurements 
needed to generate a representative network and the computational intensity of the algorithms involved. 
  
Introduction 
Hydrocarbon production from crystalline igneous or metamorphic basement formations occurs in numerous basins around 
the world (Koning 2003). Fractured basements are considered to have no matrix porosity and the fractures act as the primary 
porosity and permeability medium for hydrocarbon flow in the reservoir – type I Nelson’s (1982) fractured reservoir 
classification. As flow is constrained to the fractures, understanding fracture network properties in basement reservoirs is key.  
Camacho-Velázquez et al. (2012) outline a number of fracture modelling techniques, including continuum fractal 
modelling and discrete fracture network (DFN) modelling. Guttormsen et al. (2008) lists techniques frequently applied in 
industry for fracture modelling of basement reservoirs. These are, net pore volume, structural halo, fracture trend, fractal 
fracture, and DFN modelling. The added complexity of fractures makes simulation more challenging than in conventional 
sedimentary reservoirs (Dershowistz et al. 2000) and remains an area of interest in the study of porous media transport. 
DFN modelling is a preferred approach in fractured reservoirs because it allows direct measurements of fractures to be 
used to generate an explicit model of a fracture network. The approach explicitly models planar fractures based on fracture 
intensity and stochastic inputs of fracture orientation, geometry, and aperture. Continuum based reservoir techniques such as 
halo modelling do not adequately address fracture connectivity and the heterogeneities of fracture distribution in naturally 
fractured reservoirs. 
 DFN methods are integrated with conventional simulator techniques (Dershowitz et al. 2000) through upscaling of 
fractures to give an effective continuous medium with porosity and permeability represented on a simulation grid. Upscaling 
can be performed either analytically, the Oda method (Oda 1985) or via more rigorous yet computationally much slower flow 
based simulation (Robinson 1984). 
This paper investigates the sensitivity on recovery factor and production performance to fracture properties in basement 
reservoirs using DFN models with the Clair field as a case study. This field is of interest as the basement reservoir is currently 
being appraised as a future development opportunity.   A sector model is studied around the 206/7A-2 appraisal well which 
penetrated the basement and provides dynamic data for calibration. Fracture data was collected and described from cores (Falt 
et al. 1992, Coney et al. 1993, Pless 2012). The impact of fracture intensity, orientation, size, aperture, and permeability are 
investigated. 
Imperial College 
London 
  2 
 
The Clair Field 
The Clair field is located 75 km west of Shetlands. Phase I oil production started from the Devonian-Carboniferous red 
beds in 2005. Upside potential was identified through appraisal wells in the pre-Cambrian Rona ridge of the Lewisian 
basement. The presence of a hydrocarbon system was established. In 1991 well 206/7A-2 was drilled horizontally in the 
basement for 600m ( 
Fig. 1), cores were taken in the basement section.  The well achieved a test rate of 2,350 STB/D after acid stimulation 
(Coney et al. 1993). The oil was under saturated and had a density of 24° API. Subsequent appraisal and development wells 
targeting the sandstone lower Clair group reservoirs tagged the top of the basement to determine its depth across the field. 
However, cores and dynamic data were not collected from the basement section of these wells. Results showed varied levels of 
mud loss as the basement was penetrated suggesting different fracture densities across the field.  
The basement lithology is a fractured granite-gneiss. The fractures were formed through a series of tectonic extension and 
inversion events since the late Devonian. A description of the geologic and tectonostratigraphic history of the Clair field can 
be found in Barr et al. (2007). 
 
Fig. 1—Schematic of well 206/7A-2 penetrating the Clair ridge basement 
 
Fracture Network Description 
In basement reservoirs both hydrocarbon storage and flow is constrained to the fractures. In order to build a representative 
DFN of the basement fracture system, numerous measurements of the fracture geometry are required. Stochastic distributions 
from field measurements were calculated for each geometric input. 
The Clair basement fractures are vertical to sub-vertical sets with a dominant NE-SW orientation. While fractures are 
traditionally thought of as clean breaks in the rock with a void space characterizing the feature, the majority of fractures in the 
Clair basement exhibit infill of epidote, calcite or hematite mineralization. Core observations (Falt 1992) show that 
hydrocarbon presence is limited to the calcite filled fractures. In conceptually modelling the fractures in a DFN, fractures were 
simplified as planar objects with an orientation, size and aperture. The fractures were assumed to be rectangular objects (for 
simpler computation) with a typical length to height ratio of 2:1. 
 
Fracture Orientation 
Fractures are represented as planar objects with their orientation measured by an azimuthal strike direction and a dip angle. 
Falt et al. (1992) describes three fracture sets from the televiewer log of the 206/7A-2 well in the Clair basement with the NE-
SW orientation being open and the most important. Therefore this study focuses exclusively on the NE-SW fracture set. Falt et 
al. (1992) warns that for this well the televiewer log quality is poor and orientation and dip information is affected. Therefore, 
orientation information was instead extracted from lineaments interpreted on a seismic coherence surface of the top basement. 
Using the raw measurements allows characterization of the concentration of the azimuths. Fig. 2 shows a rose diagram of the 
distribution of fracture orientations. The mean fracture orientation is approximately N50 and the orientations have a strong 
azimuthal concentration with a Fisher distribution (Fisher 1953) concentration of 40 when fractures are assumed to be sub-
vertical with a uniformly distributed dip between 70 to 90 degrees. 
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Fig. 2—Rose Diagram of fracture azimuth from offshore seismic lineaments 
 
Fracture Density 
One of the key measurements of a fracture network is the density of the fractures. This parameter strongly controls the storage 
of the fracture system. DFN techniques use a volume based measurement of fracture density as an input. The three forms 
available are P30: number of fractures per unit volume, P31: fracture length per unit volume, and P32: fracture surface area per 
unit volume. The subscript numbers used in the different fracture descriptions refer to the dimensions involved in the 
measurement. For example, the P32 measurement has a 3 representing the three dimensions of the measurement region, and a 2 
for the two dimensions of the fracture measurement. Of the three volume based fracture density measurements P32 is the 
preferred method as it is scale independent, it directly incorporates the fracture size, can be directly related to lower dimension 
density measurements, and does not reflect orientation effects (Dershowitz and Herda 1992). However, it is also the most 
difficult to measure directly. 
Fracture density measurements are usually made in one dimension along cores, or by two dimensional measurements at 
analogue outcrops. Dershowitz and Herda (1992) showed by a simulation study that fracture spacing can be related to P32 
through the transformation: 
P32 = C/S (1) 
where C is a transformation constant dependent upon the orientation of the fractures relative to the scanline (i.e. the core 
orientation) and S is the fracture spacing. Plots of C vs. the angle between the mean pole of fracture and the scanline are 
presented in Dershowitz and Herda (1992) for various fracture orientation concentrations based upon the Fisher distribution 
dispersion coefficient. These plots allow fracture spacing measurements from the core to be converted into P32 density. The P10 
measure of fracture density is the inverse of the fracture spacing with units of fractures per unit length, modifying Eq. 1 to: 
P32 = C.P10 (2) 
The NE-SW trending fractures in the Clair basement have a mean pole near parallel to the horizontal section of the 206/7A-2 
wellbore giving a transformation constant of 1.0 m
2
/m
2
. 
Further information about the fracture density was obtained by analysing the 206/7A-2 well presented by Pless (2012). 
This involved examining the core data to determine the fracture density of only the fractures showing hydrocarbon staining.  
The hydrocarbon bearing fractures were interpreted as having a P10 density of 2.83 frac/m and given the transformation 
constant of 1.0 m
2
/m
2
, then P32 = 2.83 m
2
/m
3
. This high fracture density is similar to the 1.5 m
2
/m
3
 to 4.5 m
2
/m
3
 range 
observed in the basement Bach Ho field, Vietnam (Ovcharenko and Devadass 2010). In reservoir modelling this fracture 
density was assumed to be constant over the study area. 
 
Fracture Length 
No direct fracture length measurements are available for the Clair basement as measurement is limited to the 10cm core 
diameter. These fractures are below seismic data resolution. However, local faulting is observable in seismic data and 
lineaments were interpreted by Pless (2012). While the length of these faults is longer than the fractures, it is assumed that the 
same power law distribution applies to both, with a shape factor, α of 2.1. A scale factor, xmin of 100 m is assumed based upon 
fracture length observations by Elfeel and Geiger (2012) from the Teapot Dome dataset. 
𝑝len(𝑥) = 𝛼
𝑥𝑚𝑖𝑛
𝛼
𝑥𝛼+1
  
(3) 
While the fracture length is an important variable in fracture descriptions, due to the P32 measure of fracture density being 
used, the number of discrete fractures generated in the DFN is inversely related to the fracture length scale. As will be shown 
later in the dynamic simulations, the sensitivity to length is low. Modelling discrete fractures at a shorter scale with this 
fracture density becomes significantly computationally more intensive due to the millions of fractures generated. 
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Fracture Aperture 
Fracture aperture (also known as width) is defined by van Golf-Racht (1982) as the distance between the fracture walls. Using 
this definition of aperture, Pless (2012) measured the apertures of the fractures along the 59 meters of basement core samples 
taken from the 206/7A-2 well. For this study we extracted and analysed only the hydrocarbon stained fractures. The fracture 
apertures fit a lognormal distribution with a mean of 3.8 mm and a standard deviation of 8.4 mm. These measurements are 
classified as mechanical aperture. 
Nelson (2001) stated, “Mineral fill is the nemesis of flow prediction and quantification of fractured reservoirs”. The 
mineral fill observed in the Clair basement fractures embodies this statement and clearly inhibits the storage and flow 
characteristics. The mineral fill therefore means the mechanical aperture measured needed modification. 
This study proposes implementing two additional fracture aperture measurements as modifications of the mechanical 
aperture: storage aperture for use in predicting oil in place, and conductive aperture for use in predicting fracture permeability. 
Conductive aperture is described below in the section on fracture permeability. Falt et al. (1992) use the concept of “useful 
aperture” to describe the proportion of the fracture aperture that is actually open, this is equivalent to the storage aperture. 
These values are typically low (≤5%) due to the calcite fill, however in certain sections the useful aperture is up to 50% of the 
mechanical aperture. For this study the storage aperture was scaled to10% of the observed mechanical. 
DFN techniques only use one measure of fracture aperture therefore the storage aperture is used as the input to the model 
with the lognormal probability distribution seen in Fig. 3. A maximum cut off of storage aperture of 9 mm was used, based on 
the maximum mechanical apertures observed in the cores. 
 
Fig. 3—Lognormal probability distribution of storage aperture. Mean=0.38 mm, standard deviation=0.84 mm. 
 
Fracture Permeability 
Fracture permeability within a single fracture is assumed to be derived from the cubic law and is proportional to the square of 
the aperture (Boussinesq 1868). In smooth open fractures with flat walls, 
𝑘𝑓 =
1
12
𝑒2  (4) 
where the permeability is in the same units as the square of the aperture. For fractures with rough walls the flow is subject to 
greater tortuosity, therefore the assumptions need to change. Two approaches exist in the literature, either a modification of the 
constant of proportionality from 1/12 (Oda 1985), or by redefining the aperture to a conductive aperture (Barton 1985). The 
conductive aperture is calculated by an empirical scaling factor based on the roughness of the fracture walls. The two methods 
are equivalent in their effect, only the approach is different. Calcite mineralization in the hydrocarbon bearing fractures in the 
Clair basement represents an extreme example of this as the infill produces a significant restriction to flow.  
The conductive aperture method was used to determine the fracture permeability for the Clair study and was calibrated 
through history matching drillstem tests (DST). The conductive aperture was determined to be 275 times smaller than the 
storage aperture. The fracture permeabilities inherit the strongly skewed lognormal distribution from the apertures and have a 
mean of 614 mD and a standard deviation of 3,420 mD. 
No relative permeability data was available for the Clair basement, so Corey parameters and end points from the analogous 
Bach Ho (White Tiger) field, Vietnam (Nguyen et al. 2011) were selected. The acquisition method for the relative permeability 
data was not provided so relative permeability needed to be treated as a parameter of major uncertainty.  
 
Discrete Fracture Representation 
The parameters outlined above are used to build an explicit 3D set of fractures in a DFN over the 3 km × 3 km × 701 m Clair 
basement sector model. Approximately 900,000 discrete fractures were generated. Fig. 4 and Fig. 5 show the entire fracture 
network and a small 250 m × 250 m sample section. 
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Fig. 4—Highly concentrated fracture sector model 
 
Fig. 5—A visual example of DFN over a small sample area 
 
Fracture Connectivity 
For fractures to provide an effective flow path to the wellbore they must be well connected. Fractures are considered 
connected when their planes intersect one another. Intuitively, connectivity will increase if the number of fractures increases, 
the fractures are longer or if the distribution of fracture orientations is wider. An efficient way of estimating connectivity in 
fractured reservoirs is by using percolation theory. The percolation approach probabilistically models the connectivity of 
objects in a system based upon the density of objects in a study space. Fractured basement reservoirs lend themselves well to 
percolation studies as they are compatible with the assumption that the matrix does not contribute to reservoir connectivity. 
The study of fracture connectivity is motivated by the assumptions of the fracture upscaling techniques. For the analytical Oda 
(1985) method to be correctly applied, the fractures need to be well connected. 
 
Percolation Theory 
Masihi et al. (2007) provide a clear and comprehensive overview of the theory with extensions for anisotropic fracture 
systems in a fractured reservoir context. Percolation theory is firstly introduced below for simplicity in two dimensions and 
then expanded to three dimensions for the study of the Clair basement fracture network. 
Based upon a set of fracture parameters and a study area, universal scaling curves can be used to predict the probability 
(percolation probability or connectivity) that a fracture belongs to a spanning cluster between two opposite sides of the system 
given a percolation (density) parameter.  
The percolation parameter p (Eq. 5) is the probability that a fracture is in the excluded area of another fracture assuming 
the fractures are distributed randomly and independently. This assumption is compatible with the assumption of the constant 
fracture density used in this study. A simple 2D system is first used where fractures are represented by lines.  
𝑝 = 1 − 𝑒
−
𝑁𝑎𝑒𝑥
4𝐿2   
(5) 
In this equation N is the number of fractures, aex is the average excluded area of a fracture, and L is the system size. 
The percolation probability (Eq. 6) is defined as the ratio of the sum of the squares of the lengths of fractures included in a 
spanning cluster, s, and the sum of the squares of all fracture lengths, w. It is calculated from the universal isotropic scaling 
function of the mean connectivity, ℑ in Eq. 7. The standard deviation of the connectivity, Δ is calculated in Eq. 8 using the 
universal isotropic scaling function, ℜ. 
𝑃(𝑝, 𝐿) =
∑ 𝑙𝑖
2
𝑠
∑ 𝑙𝑖
2
𝑤  
  
(6) 
𝑃𝑥(𝑝, 𝐿) = 𝐿𝑥
−
𝛽
𝜈⁄ ℑ [(𝑝 − 𝑝𝑐)𝐿𝑥
1
𝜈⁄ ]  
(7) 
∆𝑥(𝑝, 𝐿) = 𝐿𝑥
−
𝛽
𝜈⁄ ℜ [(𝑝 − 𝑝𝑐)𝐿𝑥
1
𝜈⁄ ]  
(8) 
In these equations Px is the mean probability of connectivity in the x direction, Lx is the domain size in the x direction, β=5/36 
and ν=4/3 are 2D universal critical exponents (Stauffer and Aharony 1992) and 𝑝𝑐 is the apparent percolation threshold which 
is based on the geometry of the domain and the infinite percolation threshold. 
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Masihi and King (2008) expand percolation theory for fractured reservoirs further with variable length fractures. This 
variation requires the use of an effective length term based on the second moment of the length distribution and the critical 
exponents. It was shown that the critical exponents are not universal for power law distributed fracture lengths, but is a 
function of the scaling factor of the distribution. The power law distribution of fracture lengths in the Clair basement is 
integrated into the percolation approach to generate the probability of connection plot in Fig. 6 in 2D. 
 
 
Fig. 6—Probability of connection plot for power law distributed 
fracture lengths in a 2D system of the Clair basement 
 
Fig. 7—Probability of connection plot for power law distributed 
fracture lengths in a 3D system of the Clair basement 
 
 
Fig. 8—Universal scaling curve ℑ for the mean of connectivity for 
3D randomly oriented fractures 
 
Fig. 9—Universal scaling curve ℜ for the standard deviation of 
connectivity for 3D randomly oriented fractures 
 
This study expands upon the work of Masihi et al. (2007) and Masihi and King (2008) by introducing power law length 
distributed fractures into a 3D percolation model with anisotropic aspect ratios. This work was motivated by a need to assess 
the connectivity of fractures with a power law distributed length in a 3D reservoir. It was observed in the 2D case that as the 
shape factor of the power law distribution gets large (greater than 5), the critical exponents, β and ν tend to their universal 
values of 5/36 and 4/3 respectively. It is postulated that this is also the case in 3D and the equations relating the shape factor 
and the critical exponents were linearly scaled by the ratio of the 3D and 2D universal critical exponents where the critical 
exponents in 3D are β=0.4 and ν=0.88 (Masihi et al. 2007). The average excluded area in 3D becomes an excluded volume 
(Adler and Thorvert 1999), 
𝑉𝑒𝑥 =
1
2
?̅??̅?  (9) 
where ?̅? is the average fracture area and ?̅? is the average fracture perimeter. For the rectangular fractures modelled in this 
study, the average excluded volume is 1.3×10
7 
m
2
. The estimated percolation threshold is 0.26 in the 3D case (Masihi 2007). 
Using the universal scaling curves (Fig. 8 and Fig. 9) the probability of connection plot (Fig. 7) for the 3D case is calculated 
for the fracture network in the Clair basement. The number of fractures (900,000) generated in the DFN is used to constrain 
the percolation perimeter illustrated by the red line in Fig. 7. The percolation approach predicts mean connectivity in the x 
0
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direction, Px = 1 and the standard deviation of connectivity is 0.003, i.e. with a high certainty all the fractures are connected in 
the x direction. 
The probability of connection plot for a 3D system shows the mean connectivity has a low sensitivity to the density 
parameter when values are greater than approximately 0.4. This gives confidence that the fractures will remain well connected 
despite uncertainty in the Clair basement fracture density. For the mean fracture connectivity to drop to 95%, the 
corresponding percolation parameter is 0.4. This percolation parameter is possible when the number of fractures drops two 
orders of magnitude to approximately 8,000, corresponding to a fracture density of 0.025 m
2
/m
3
 visualised in Fig. 10. 
 
 
Fig. 10—Realisation of fracture network with mean fracture connectivity of 95% 
 
The high fracture connectivity predicted by the percolation approach serves as validation that the Oda method can be applied 
for fracture upscaling in the Clair basement. 
 
From DFN to conventional grid 
DFN offer the ability to stochastically model fractures and represent their complex geometry. In conventional continuum 
models it is difficult to model the heterogeneities created by fracture properties. For basement reservoirs, the DFN approach is 
especially applicable as the fractures act as the only storage and flow media, due to the matrix having zero porosity and 
permeability. While DFN offer these benefits, they cannot be directly used in conventional grid-based reservoir simulations. In 
order to perform dynamic simulations on a fractured reservoir, the planar fractures need to be upscaled onto a simulation grid 
representing an equivalent continuous porous medium. For basement reservoirs, as there is no matrix contribution, the 
reservoir behaves as a single porosity system. However, with upscaling as with any homogenization technique the effect of 
geological features will be under estimated (Correia et al. 2012). 
The two methods of calculating porosity and permeability of the equivalent porous medium are the Oda (1985) tensor 
approach and the numerical flow based approach (Robinson 1984). The Oda method gives effective permeabilities, 
characterizing the intrinsic property of the media and not influenced by flow conditions (Cottereau et al. 2010). In contrast, the 
flow based methods give equivalent permeabilities, which are block properties dependent on the block geometry and boundary 
conditions (Cottereau et al. 2010). Flow based methods achieve better modelling of the fracture connectivity but are 
computationally intensive. Flow based upscaling is performed by discretising the DFN into a finite-element mesh over each 
grid cell and applying pressure boundary conditions between opposite faces. Equivalent permeabilities based on Darcy’s law 
are calculated by iterations over the mesh using steady state flow through the cell. 
Cottereau et al. (2010) compared software performance for flow based upscaling over a full field study and a sub-grid 
sector model. The results of the full field model showed that the commercial software implemented failed at flow based 
upscaling. The grid was not filled with equivalent permeabilities. Over a sector model flow based upscaling methods took in 
excess of 37 hours. Similar results were experienced in this study with flow based upscaling using commercial software when 
applied to the Clair basement, where fracture permeability failed to be upscaled.  
As fractures in the Clair basement sector model are well connected, the analytical Oda method for fracture upscaling was 
used. It offers faster and more robust results compared to the algorithms available for flow based methods.   
 
The Simulation Grid 
A 3 km by 3 km area of the Clair basement was extracted around the 206/7A-2 well for the sector model. It was simplified to 
remove the topography of the top surface of the basement and had a depth of 1524 m and a thickness of 701 m, including a 
regional oil-water-contact at 2120 m.  
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Traditionally when upscaling to an equivalent porous media the grid cell size must be selected so it of is larger than or 
equal to the representative elemental volume of the fracture network. Dershowitz et al. (2000) and Elfeel and Geiger (2012) 
proposed alternative criteria for grid cell size optimization where cell size is not limited to a representative elemental volume, 
but rather the fracture connectivity. However this requires additional computation and can change based on the specific 
realization of the fracture network. For this study, the grid cell size was selected as 250 m × 250 m, resulting in a 12 × 12 × 10 
Cartesian grid. This grid cell size was selected as it is slightly larger than the average length of the fractures to be modelled 
and was large enough to meet the representative elemental volume criteria. Recovery factor and production performance was 
insensitive to a change in grid cell size to 50 m × 50 m. Elfeel and Geiger (2012) performed sensitivity studies to grid cell size 
for flow based and Oda upscaling.  
For this study a commercial DFN and reservoir simulation package was used (Schlumberger 2010). 
 
Oda method fracture upscaling 
The Oda method for fracture upscaling is an analytical approach that upscales porosity and permeability to a simulation grid in 
separate steps. The equations presented below describe this approach using the SI unit system. 
The effective fracture porosity is simply calculated by assessing the sum of the fracture void space in a grid cell divided by 
the bulk volume of the grid cell, 
𝜙𝑓 =
∑(𝐴.𝑒𝑠)
𝑉cell
  (10) 
where A is the surface area of a fracture contained within the grid cell, es is the storage aperture of the fracture and Vcell is the 
volume of the grid cell.  
The calculation of the effective permeability is based upon the orientation of the fractures relative to the principle 
directions of the grid cells. The Oda method uses the Darcy velocity (Eq. 11) to calculate the effective permeability. 
𝑣𝑖 = −
𝑘𝑖𝑗
𝜇
∇𝚽  (11) 
Oda introduced the concept of a flow tensor, which characterizes the fracture geometry and permeability for a grid cell for 
a set of fractures in a DFN as: 
𝐹𝑖𝑗 =
1
𝑉
∑ 𝐴𝑘𝑇𝑘𝑛𝑖𝑘𝑛𝑗𝑘
𝑁
𝑘=1   
(12) 
and 
𝑣𝑖 = −
𝐹𝑖𝑗
𝜇
∇𝚽  (13) 
where, A is the fracture area (in the cell), T is the fracture transmissivity (product of its permeability and aperture) and n is a 
vector normal to the fracture plane. Subscript k represents the k
th
 of N total fractures in the grid cell. The effective permeability 
is derived by assuming that Fij represents flow along the vector n. However, for fractures we assume that flow is only along 
the plane of the fracture, Fij must be rotated by use of the Kronecker delta, which, in the Einstein notation gives: 
𝑘𝑖𝑗 = 𝐹𝑘𝑘𝛿𝑖𝑗 − 𝐹𝑖𝑗  (14) 
Oda (1985) proposed a form of the cubic equation relating fracture aperture and fracture permeability, with a proportionality 
constant λ, 
 
𝑘𝑓 = 𝜆𝑒
2  (15) 
The flow tensor is redefined as a crack tensor, Pij, as it is now only a function of the geometry of the fractures. λ is moved 
outside this tensor, so 
𝑃𝑖𝑗 =
1
𝑉
∑ 𝐴𝑘𝑒𝑘
3𝑛𝑖𝑘𝑛𝑗𝑘
𝑁
𝑘=1   
(16) 
therefore, 
𝑣𝑖 = −
𝜆𝑃𝑖𝑗
𝜇
∇𝚽   (17) 
and finally, 
𝑘𝑖𝑗 = 𝜆(𝑃𝑘𝑘𝛿𝑖𝑗 − 𝑃𝑖𝑗)   (18) 
The λ factor will be between 0 and 1/12, where 1/12 is the limiting case when the fractures are entirely open and have smooth  
surfaces. λ can be directly related to the conductive aperture scaling factor through the cubic law. For the conductive aperture 
scaling factor of 1/275 calibrated for the Clair basement, the corresponding λ = 1.1×10-6.  
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Dynamic Reservoir Simulation 
Model calibration 
Dynamic reservoir simulations were first used to calibrate the fracture permeability. This was achieved through an iterative 
process of modifying the scaling factor between storage and conductive apertures, upscaling the DFN by the Oda method and 
attempting to match rate and pressure data from the DST. The upscaled calibrated grid cells have an effective mean 
permeability of 6 mD with a standard deviation of 1.1 mD. The mean effective porosity of the simulation grid was calculated 
as 0.1%, indicating a tight reservoir. These results agree well with values interpreted in pressure transient analysis.  
Despite the limited quality of data, pressure transient analysis of the DST showed dominant linear flow behaviour with an 
average effective permeability of 7 mD in the direction parallel to the fracture set (see Appendix A). This interpretation 
disagrees with that quoted by Coney (1992), and in contrast provides a clear indication of a fractured corridor system.  
The calibrated model from history matching of the DST was used to generate a base case for the sensitivity study. 
 
Production Strategy 
Common practice in currently producing fractured basement oil reservoirs is for water flooding to be used for improved oil 
recovery. Examples of this are the Bach Ho, Rang Dong and Ruby fields, Vietnam and the La Paz field, Venezuela (C&C 
Reservoirs 2012). For this study a horizontal injector-producer pair was positioned on opposite sides of the sector model. The 
well trajectory was perpendicular to the fracture orientation to optimize the number of fractures intersected. The following 
production controls were implemented: 
 a fixed 1000 psi producer bottomhole pressure at the datum, 
 a voidage replacement ratio of 1 for water injection, 
 a maximum water injection rate of 25,000 STB/D and maximum injector bottomhole pressure of 3000psi, 
 a minimum oil production rate of 250 STB/D, 
 a maximum water cut of 95%, 
 and a 20 year well life. 
The minimum oil production rate and maximum water cut were chosen as a best estimate of the economic cut-off in this 
operating environment. 
Depletion strategies were developed using both material balance and simulations. They showed low recovery factors of 
approximately 2% and were therefore not investigated further. 
 
Base case results 
The base case simulation for the sensitivity analysis applied the above production strategy to the calibrated fracture model. A 
recovery factor of 38% was achieved over this period with a cumulative oil production of 10.5 million STB from the sector 
model. This value is in line with reported recovery factors from analogue fractured basement oil reservoirs. C&C Reservoirs 
(2012) reports estimated ultimate recovery factors in the range of 29% to 39% in basement reservoirs with secondary recovery. 
 
Fig. 11—Oil and water production profiles for base case simulation. 
 
The production profiles in Fig. 11 show water breakthrough first occurs early, due to vertical production from the aquifer, 
stabilizing at a water cut of approximately 20%. After 5 years the injected water which is sweeping the reservoir reaches the 
producer and the water cut increases. Reservoir pressure is maintained above the bubble point pressure. These results are used 
as a base case in which sensitivities to fracture parameters on recovery factor and production performance could be compared. 
 
Sensitivity Approach 
To investigate the sensitivity of recovery factor and production performance to the DFN model, the input fracture parameters 
to the DFN were modified. The modified DFN were upscaled via the Oda method producing an equivalent continuous porous 
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media grid which was simulated using the controls outlined above. While this study primarily focuses on the impact of 
fractures on recovery factor, production rates and volumetrics of the sector model were also investigated. 
Sensitivity cases were generated by simulation of low and high realizations of each fracture input variable, leaving all other 
input variables unchanged at their base case values.  
 
Fracture Density 
The P32 fracture density was calculated from observations of hydrocarbon stained fractures in the core of the 206/7A-2 
well. The measure used in the base case has substantial uncertainty. One source of this is from the conversion of the measured 
P10 to the input P32 fracture densities, another is from the unknown heterogeneity of the fracture density in the reservoir. 
Fracture density was simulated at half and double the base case value. While production rates were substantially different 
to the base case, as seen in Fig. 12, the recovery factors remained approximately unchanged. The low case P32 = 1.42 m
2
/m
3 
resulted in a recovery factor of 36%, 2% lower than the base case. The high case, P32 = 5.65 m
2
/m
3
, resulted in a recovery 
factor of 38%, the same as the base case.  
 
Fig. 12—Oil production rate profiles for different fracture densities 
 
At this order of magnitude, recovery factor is not sensitive to fracture density. However, oil production rate, cumulative oil 
production and STOIIP were directly proportional to the density illustrating the strong economic sensitivity to this variable. 
These results are not surprising as the percolation approach predicts well connected fractures in the low case, and from Eq. 10 
porosity is directly proportional to fracture area, which is characterized by the P32 fracture density. In addition, the upscaled 
permeability will increase linearly with fracture area as seen in Eq. 16 when the Oda method is used. 
In these cases, the oil production rate is sufficiently high not to trigger the economic cut-off of 250 STB/D. However an 
additional lower case with a fracture density 25% of the base case (P32 = 0.71 m
2
/m
3
) had an earlier shut in after eight years 
due to oil production falling below 250 STB/D. This resulted in a reduced recovery factor of only 27%.  
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Fig. 13—Recovery factor sensitivity to fracture length 
 
Fig. 14—Oil production rate sensitivity to fracture length 
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Fracture length cannot be measured in the reservoir as the individual fractures have displacements below seismic resolution. 
Therefore length distribution was assumed to be the same scale invariant power law distribution as the observed faults. A scale 
factor, xmin = 100 m was assumed. Due to the lack of fracture length measurements, the uncertainty in this variable is large, and 
can impact the fracture connectivity. Percolation theory again can be used to quickly quantify the level of connectivity. A 
rough assumption is made that the probability of connectivity as defined in Eq. 6 can be used to scale the recovery factor from 
simulations using the Oda method. This is necessary as the Oda method for fracture upscaling assumes fractures are well 
connected and that all fractures contribute to the effective porosity and permeability. 
 
Sensitivities were performed by varying the scale factor of the power law distribution. Fig. 13 shows recovery factor is not 
sensitive to fracture length and Fig. 14 shows the production profiles at different minimum lengths. The definition of the P32 
fracture density means that if the fractures are shorter, the number of fractures will increase to maintain the same surface area 
per unit volume. Therefore, the Oda method upscaling will give the same results as fracture length and aperture are not 
correlated in this study. In these simulations the minimum fracture length was long enough so the probability of connectivity 
was one, i.e. all fractures are connected. 
Reducing the minimum fracture length further to 20 m, the percolation approach suggests for a power law distribution of 
lengths, the maximum achievable probability of connectivity is 91%. This corresponds to 91% of the total fracture lengths 
being connected over the sector model.  With a minimum fracture length of 20 m the number of fractures increases to 
approximately 15 million compared to the 900,000 in the base case. Computationally this is sufficiently more difficult to 
upscale and commercial software failed due to memory limitations. However, we can assume that given the insensitivity of 
recovery factor to fracture length the simulation results would again be the same as at other lengths due to the assumptions of 
the Oda method of upscaling.  As only 91% of the total fracture length is connected, the recovery factor would be reduced to 
91% of the fully connected estimate, in this case 34%. 
 
Fracture Orientation 
The base case DFN model had a mean fracture strike orientation of 50°, this angle is perpendicular to the horizontal section of 
the injector and producer wells. The resulting permeability tensor is greatest in a direction coincident with this and results in 
the maximum recovery factor. Sensitivities were tested by modifying the mean fracture strike orientation through 90°. Fig. 15 
shows the smaller the angle between the mean fracture orientation and the wellbore, the smaller the recovery factor. 
 
Fig. 15—Sensitivity on recovery factor to fracture orientation 
relative to the horizontal wellbore 
 
Fig. 16—Sensitivity on oil production to fracture orientation 
relative to the horizontal wellbore 
 
A quick transition is observed over a 30° window where the recovery factor changes from a near maximum recovery factor, to 
a much lower recovery factor of approximately 11%, corresponding to fractures parallel to the wellbores. Fig. 16 shows that at 
higher angles the initial production rates are also higher.  
 
Fracture Orientation Concentration 
Fracture orientation concentration is a measure of the dispersion of poles on a sphere. For this study a Fisher distribution was 
fit to the poles of the fracture planes and the concentration varied to assess the sensitivity. High concentrations correspond to 
high clustering of fracture poles on a stereonet. 
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Fig. 17—Sensitivity on recovery factor to fracture orientation 
concentration 
 
Fig. 18—Water production rate variation with fracture orientation 
concentration 
 
Results in Fig. 17 show on a semi-log plot that a wide range of fracture concentrations do not significantly impact recovery 
factor in the Clair basement. The oil production profile also does not change, however the water production and injection rates 
increase as the distribution of fractures becomes more focused, i.e. a higher fracture orientation concentration (Fig. 18). 
 
Storage Aperture 
Falt et al. (1992) provided information on the useful aperture of mineral filled fractures from core observations. Data was 
reported as a percentage of the total measured mechanical aperture. For this study the useful aperture was used as a measure of 
the level of mineralization. The useful aperture represents the available aperture or void space for hydrocarbon storage. Falt et 
al. (1992) recorded varying useful aperture measurements along the core, for the base case DFN, the useful aperture (storage 
aperture) was assumed to be 10% of the measured mechanical aperture.  
Sensitivities to the storage aperture to mechanical aperture ratio were performed and results show reduced recovery factors 
at lower ratios. At higher ratios the recovery factor remains approximately the same as the base case (Fig. 19). The sensitivity 
of storage aperture on production rate is illustrated in Fig. 20. 
 
 
Fig. 19—Sensitivity of storage aperture on recovery factor 
 
Fig. 20—Sensitivity of storage aperture on production rate 
 
 
Fracture Aperture Standard Deviation 
The distribution of fracture apertures and hence fracture permeabilities impacts the production performance and water 
breakthrough timing. As fracture aperture observations follow a lognormal distribution, the standard deviation impacts the 
frequency of large aperture fractures and in turn high permeability fractures. 
The sensitivities to recovery factor and production performance were tested by varying the storage aperture standard 
deviation to half and double the base case value. As Fig. 21 shows, the production rate in the first 10 years of the simulation 
increases with increasing standard deviation, however the decline rate appears higher. Fig. 22 illustrates that the water 
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breakthrough occurs earlier due to the higher permeability fractures realized in the higher standard deviation cases. The high 
case reaches the water cut limit of 95% in 2024 resulting in a shut in. 
 
Fig. 21—Sensitivity of storage aperture standard deviation on 
production rate 
 
Fig. 22—Sensitivity of storage aperture standard deviation on 
water breakthrough 
 
The recovery factors seen in the high case scenario with a higher standard deviation has a recovery factor of 38%, equal to that 
of the base case, however the low case with half the standard deviation of the base cases has a recovery factor of only 22%. 
 
Relative permeability 
Two phase fracture flow has traditionally been equated to flow in pipes as a limiting case. Relative permeabilities of fractures 
are often characterized by the linear relationships krw=Sw and kro=So with no residual saturations, known as X-curve relative 
permeabilities. This is based upon the work of Romm (1966) with smooth wall parallel plate experiments. Experiments by 
Persoff et al. (1991) and Persoff and Pruess (1995) on rough walled fractures showed significant phase interference and the 
sum of the relative permeabilities was less one at intermediate saturations, with phase behaviour similar to porous media. 
Diomampo (2001) performed a set of new experiments using digital techniques to record instantaneous pressure, flow rate and 
saturations. Results showed rough fractures have relative permeabilities with a sum less than one and Corey type behaviour, 
indicating phase interference.  
Roughness introduced to fractures in the Clair basement through mineralization of calcite means the application of Corey 
parameters and residual saturations is appropriate. However, for the Clair basement, relative permeability data for the fractures 
is not available. Relative permeability data from the analogue Bach Ho field in Vietnam was instead used as a substitute for 
the base case.  
Sensitivity to relative permeability was investigated. Three cases were run (Fig. 23 and Fig. 24): 
Case 1: Straight line relative permeability curves with no residual saturations 
Case 2: Bach Ho Corey parameters with no residual saturations  
Case 3: Bach Ho Corey parameters with residual saturations, (base case) 
 
Fig. 23—Relative permeability cases 
 
Fig. 24—Sensitivity of relative permeability on recovery factor 
 
Results show that the recovery factor, oil production rates and water production rates and breakthrough times differ 
significantly in all three cases. The recovery factor sensitivities shown in Fig. 24 are highest with no end points and straight 
line relative permeabilities. Fig. 25 shows the impact of relative permeability on the production rate. Case 1 relative 
permeabilities give the highest production rates as the two phases are not inhibiting one another. This results in the higher 
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water production rate and earlier water breakthrough seen in Fig. 26. Modifying the Corey curves from Bach Ho (Nguyen et 
al. 2011) by removing the residual saturations resulted in a higher oil production rates, yet lower water production rates than 
the base case.  This is explained by the water saturation being lower (as there is no residual water) and thus a lower krw than in 
the base case for a given volume of water injected. Therefore, the relative permeability of the water will be lower resulting in a 
lower production rate and later breakthrough. 
 
Fig. 25—Sensitivity of oil production rate to relative permeability 
 
Fig. 26—Sensitivity of water production rate to relative 
permeability 
Summary of Sensitivities 
The production performance of the sector model is characterised by the cumulative oil production in the first year. The results 
of the above sensitivity study are summarised as a tornado chart in  
Fig. 27. The results show that the production is most sensitive to variables which impact the porosity of the system. 
The range of recovery factors from the sensitivity study above are summarised in Fig. 28. 
 
Fig. 27—Percent change from base case first year cumulative 
production 
 
Fig. 28—Summary of recovery factor sensitivities 
 
 
Conclusions and Recommendations 
This study assessed the impact of parameters describing the density, size, orientation, aperture and permeability of fractures 
using DFN techniques on recovery factor and production performance in fractured basement reservoirs. The above results 
show that certain fracture properties have a greater influence on the recovery factor than others. For some parameters, such as 
fracture density, it was shown that the recovery factor was insensitive to the input, however the production rates and STOIIP 
varied significantly. In another case, the fracture orientation was shown to significantly impact production performance and 
recovery factor. The greatest sensitivity to recovery factor is the relative permeability of the basement fractures. Storage 
aperture has the most significant impact on the initial production. It is recommended that future appraisal work in the Clair 
basement should include special core analysis on preserved core samples to constrain initial and residual saturations as well as 
relative permeability behaviour. 
To assess the applicability of the Oda method of fracture upscaling, percolation theory was used to assess fracture 
connectivity. The work of Masihi et al. (2007) was expanded for use of power law distributed fracture in a 3D system. Results 
show that at the density of fractures in the Clair basement, the fractures are well connected. 
The Clair field fractured basement was estimated to have a recovery factor of 38% over the sector model used in this study. 
This recovery is optimistic as it was assumed the fracture density was constant over the sector model. In reality, the fracture 
density will be heterogeneous across the reservoir. Damage zones around regional faults will lead to areas of higher fracture 
potential. Areas with low fracture density will potentially be poorly connected and contain small volumes of hydrocarbon, 
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reducing the recovery factor at a full field scale. An area of future study would to make the fracture density heterogeneous. 
This could be done through the correlation of the fracture density with seismic structural attributes which indicate fracture and 
fault potential.  
The best recovery could be achieved when horizontal injector and producer wells were placed perpendicular to the fracture 
network orientation so to intersect the maximum number of fractures possible. 
The level of calcite mineralization in fractures and its impact on storage and flow behaviour is highly uncertain. Calibration 
to DST through the use of a conductive aperture attempted to characterize the restriction in fracture permeability.  The cubic 
law was used to relate fracture conductive aperture and permeability; this assumes a laminar flow regime in the fractures. It is 
recommended that further work is performed on core samples to verify the applicability of this law and attempt to measure the 
permeability and porosity of the fractures. Heterogeneity in the level of mineral infill to the fractures could also be 
incorporated to the model, which could reduce fracture connectivity.  
Fracture length was shown to be the critical parameter in assessing fracture connectivity, however direct measurements 
were not available in the outcrop data set. Future work should focus on outcrop analogues of the Clair basement where fracture 
lengths can be directly measured. This will help better understand the level of connectivity. Further complexity can also be 
added to the model through correlating fracture length and aperture. Pless (2012) suggest there is weak positive correlation. 
While the DFN approach allows the explicit modelling of fractures and is a useful tool for visualizing fractured basement 
reservoirs, the computational difficulty of generating and upscaling the DFN makes recommendation of their use difficult for 
anything larger than a sector model study. At high fracture densities the flow based upscaling algorithms were not robust 
enough to fully populate the simulation grid with attributes and the Oda method does not evaluate the connectivity of fractures 
which in a basement reservoir is critical given that the granite matrix has no porosity or permeability. 
High permeability fractures control the productivity of basement reservoirs, however simulation through upscaling DFN to 
a simulation grid disguises these fractures as the upscaling smears the permeability out over the grid cells causing a greater 
level of homogeneity than in reality. Unfortunately, finer gridding is not always possible due to the representative elemental 
volume constraint.  
While DFN models explicitly represent fractures and their heterogeneities, conventional upscaling techniques (Oda and 
flow based) for use in commercial simulators tend to homogenise them. This diminishes the benefits of the DFN while adding 
additional intense computation. 
Finite element methods exist for simulating flow between discrete fractures through the use of unstructured hybrid element 
meshes (Matthäi et al. 2007). While these approaches give better representation of the fracture flow and better modelling of 
water breakthrough, they are beyond the scope and capability of commercially available simulators and are extremely 
computationally intensive. 
 
Nomenclature
 aex = excluded area of a fracture 
 A = fracture surface area 
 ?̅? = average fracture surface area 
 C = fracture density transformation constant 
 e = fracture aperture 
 es = fracture storage aperture 
 F = flow tensor 
 k = effective permeability 
 kf = fracture permeability 
 krw = relative permeability of water 
 kro = relative permeability of oil 
 l = fracture length 
 L = size of system 
 Lx = effective length scale of system 
 n = vector normal to fracture plane 
 N = number of fractures 
 p = percolation parameter 
 𝑝𝑐 = apparent percolation threshold 
 plen(x) = probability of fracture of length x 
 P = crack tensor 
 ?̅?= average fracture perimeter 
 P(p,L) = connected fraction (or connectivity) 
 Px = connected fraction in x direction 
 P10 = fractures per unit length fracture density 
 P32 = fracture area per unit volume fracture density 
 S = fracture spacing 
 Sw = water saturation 
 So = oil saturation 
 Vi = Darcy velocity 
 Vcell = grid cell volume 
 Vex = excluded volume of a fracture 
 xmin = power law distribution scale factor 
 α = power law distribution shape factor 
 β = connectivity exponent 
 δ = Kronecker delta 
 λ = cubic law proportionality constant 
 μ = viscosity 
 ν = correlation length exponent 
 φf = fracture porosity 
 ∆ = standard deviation of connectivity 
 ∆𝑥 = standard deviation of connectivity in x direction 
 Φ = flow potential 
 ℑ = universal scaling function for mean 
connectivity 
 ℜ = universal scaling function for standard 
deviation 
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Appendix A 
Analytical Pressure Transient Analysis of DST 
Drillstem tests were performed in the basement portion of the 206/7A-2 well between the 28 August and 20 September 1991. 
Three tests were performed in the basement.  
DST 1 was first, however no rate and pressure data is currently available from this test. Coney et al. (1993) indicates an 
average open-hole rate of 670 STB/D was achieved. 
After DST 1 was performed the well was acidized with 37 m
3
 of HCl. The aim of the acidization was to remove calcite 
infill from the fractures and increase their aperture near the wellbore. Subsequently DST 1A was performed. This achieved a 
rate of 2,350 STB/D initially before falling to 2030 STB/D. On 11 September another acid job with foam used for diversion 
was performed. This is seen as a spike in the pressure data between DST 1A and 1B in Fig. A-3 and Fig. A-4. This was 
followed by DST 1B which flowed at a final rate of 2,100 STB/D. 
 
Pressure transient analysis was performed on rate and pressure data available from DST 1B. This test was selected as it was 
after all acidizations and had data with the least noise.  The analysis assumed a single porosity homogeneous media. For this 
analysis, the y and z directions were transposed so the well anisotropy between the permeability tensor elements in the x and y 
directions could be studied.  The results of the analysis are presented below in Fig. A-1 through Fig. A-3. Points represent the 
observed data, and the lines the fitted reservoir model. 
The interpretation is based upon flow entering the wellbore through high permeability fractures along the wellbore as 
observed in the production log.  
 
Fig. A-1—Log-log plot of DST 1B build up data and model 
 
 
Fig. A-2—Semi-log plot of DST 1B build up data and model 
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Fig. A-3—Rate and pressure match of observed data and model 
 
 
 
System 
Well Infinite conductivity fracture 
Reservoir Homogeneous 
Boundary One fault (top reservoir) 
Wellbore radius 0.354 ft 
Porosity 0.12% 
Model Parameters  
Well & Wellbore parameters 
Skin 0  
Geometrical Skin -8.66  
Fracture length 4110 ft 
Theta 90 ° 
Reservoir & Boundary parameters 
Pi 2678 psia 
k.h 731 mD.ft 
k 7.43 mD 
L - Constant P. 1350 ft 
Table A-1—Analytical pressure transient analysis parameters 
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History Matching Results 
Observed rate and pressure data from DST 1A and DST 1B were history matched through reservoir simulation. The purpose of 
this history matching exercise was to calibrate the conductive aperture to storage aperture ratio and to determine the effective 
permeability. The well was assumed to produce along its entire horizontal section. Due to the focus of the fracture orientations, 
the effective permeability tensor has mean diagonal terms ki = 6 mD, kj = 0.3 mD and kk = 6 mD. This agrees with the linear 
flow behaviour observed in the DST. 
Results of the history match are shown below. 
 
Fig. A-4—History match results for bottomhole pressure and oil production rate 
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Appendix B 
Literature Review – Summary table of milestones 
 
SPE 
Paper No. 
Year Title Authors Contribution 
Proc. R. Soc 1953 
Dispersion on a Sphere Fisher, R.A. Invented a distribution for describing 
the concentration of points on a 
sphere, this can be used for the poles 
to fracture plane. 
10331 1982 
An Approach to Evaluate Fractured 
Reservoirs 
Nelson, R. 
 
Produced a classification scheme for 
fractured reservoirs which has 
subsequently been widely used. 
Geotechnique 1985 
Permeability Tensor for 
Discontinuous Rock Masses 
Oda, M. Created an analytical method of 
fracture upscaling based upon the 
fracture orientation and aperture. Oda 
assumed the cubic law for fracture 
permeability and the method assumes 
fractures are well connected. 
Int. J.  
Roc. Mech 
1985 
Strength, Deformation and 
Conductivity Coupling of Rock Joints 
Barton, N. et al. Introduced the concept of conductive 
aperture based upon the roughness of 
the fracture walls. 
25016 1992 
Clair Discovery: Evaluation of 
Natural Fractionation in a Horizontal 
Well Drilled in the Basement and 
Producing From Overlying Sediments 
Falt, U. et al. Paper Characterizes the fracture 
system in the Clair Basement and 
describes a methodology for detection 
of the major fracture zones during the 
drilling phase. 
Roc. Mech. 1992 
Interpretation of fracture spacing and 
intensity 
Dershowitz, W. and  
Herda, H. 
Introduce a method of converting one 
dimensional fracture density 
measurements into three dimensional 
P32 fracture density. 
Pet. Geo. 1993 
Clair Appraisal: the benefits of a co-
operative approach 
Coney, D. et al. Paper provides a good historical 
context and results of the Clair Field. 
Including a detailed description of the 
dynamic reservoir model built and 
results of well tests 
62498-PA 2000 
Integration of Discrete Feature 
Network Methods With Conventional 
Simulator Approaches 
Dershowitz, W. et al. Suggests method of grid cell selection 
for Oda upscaling based upon fracture 
connectivity 
Geo Soc 2007 
Pre-development fracture modelling 
in the Clair field, west of Shetland 
Barr, D. et al. A geologic and tectonostratigraphic 
background of the Clair field 
including the Lewisian basement. 
94186-PA 2007 
Fast Estimation of Connectivity in 
Fractured reservoirs Using 
Percolation Theory 
Masihi, M. et al. Introduces concept of percolation 
theory to reservoir fracture 
connectivity studies. 
93341-PA 2007 
Finite Element—Node-Centered 
Finite-Volume Two-Phase-Flow 
Experiments With Fractured Rock 
Represented by Unstructured Hybrid-
Element Meshes 
Matthäi, S. et al. Finite element methods for simulating 
flow between discrete fractures 
through the use of unstructured 
hybrid element meshes 
100229-PA 2008 
Connectivity Prediction in Fractured 
Reservoirs With Variable Fracture 
Size: Analysis and Validation 
Masihi, M. and King, P. Expands upon previous work and 
allows percolation theory to be used 
to analyse variable length fractures. 
149510 2011 
Geological Characteristics and 
Integrated Development plan for 
Giant Naturally fractured basement 
reservoirs 
Nguyen, N. et al. A new approach for building 
geological models by artificial neuron 
network techniques. 
154369 2012 
Static and Dynamic Assessment of 
DFN Permeability Upscaling 
Elfeel, A. and Geiger, S. Studies the uncertainty introduced 
from grid cell size selection for 
analytical and numerical fracture 
upscaling. 
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Literature Review – Milestone paper summaries 
 
 
SPE 149510 (2011) 
Geological Characteristics and Integrated Development plan for Giant Naturally fractured basement reservoirs 
Authors: Nguyen, N. et al. 
Contribution to the understanding of basement reservoirs:   
A new approach for building geological models by artificial neuron network techniques 
Objective of the paper:  
1. Develop a method for EOR factor by optimizing well network location 
2. Introduce method for overcoming the challenge of water flooding operations and stimulation 
3. Use Vietnam as a case study 
Methodology used:  
1. Fractures classified and characterized by logs 
2. Identify micro and macrofracture groups 
3. Calculate Fracture Density [Tran Hong Nan (2004)] 
a. In 2D: 𝐹𝐷 =
2 ∑ 𝑟𝑎𝑑𝑖
𝑀𝑜𝑑𝑒𝑙 𝐴𝑟𝑒𝑎
 
b. In 3D: 𝐹𝐷 =
𝜋 ∑(𝑟𝑎𝑑𝑖)2
𝑀𝑜𝑑𝑒𝑙 𝑉𝑜𝑙.
 
 
Conclusion reached:  
1. Method developed to integrate geology, Simulation, assisted history match and EOR 
2. ANN are effective for estimating porosity and perm of fractured basement reservoirs 
3. Full field scale simulation with assisted history match can overcome the time consuming inverse problem 
Comments:  
 Fractured played important role in storing area and transferring of oil from reservoir to well. 
 Provides Relative Permeability curves for fractured basement reservoirs 
  
  22 
Petroleum Geology Conference Series (1993) v.4 p. 1409-1420 
Clair Appraisal: the benefits of a co-operative approach 
Authors: Coney, D. et al. 
Contribution to the understanding of basement reservoirs:   
Not too much new. Paper provides a good historical context and results of the Clair Field. 
Objective of the paper:  
Describe collaborative nature of development of Clair field and a geological overview of Clair Field. 
Methodology used:  
1. Fracture Modelling with dipmeter interpretation. 
2. Simulation with 1st order faults parallel to ridge; 2nd order parallel and perpendicular. 
a. RESERVOIR MODEL 
10 layers, alternating ‘matrix’ and fracture cells, 1st order 10m spacing, 2nd order 5m spacing. 
9 cells parallel to ridge, 5 matrix cells, 200m wide, 4 fracture cells 5m wide. 
b. Basement reservoir cells set as dead 
Conclusion reached:  
1. Seismic data initially little use below the cretaceous. (100m throw faults not seen) 
2. Sub-vertical fractures in the basement 
a. Basement drilled to evaluate rate of recharging 
3. 3 scales of faults 
4. Study of simulation of H. well performance 
5. Communication exists between ORS and basement 
6. Paper proposes hydraulic fracturing 
7. Key uncertainties 
a. Could results of simulation be achieved in practice 
b. Can results be sustained 
8. 10,000 mD-ft from H-well the initial test response does not necessarily support a fractured corridor system.” 
Comments:  
 Paper contains a detailed description of the reservoir modelling performed.  
  23 
SPE 10331 (1982) - Milestone 
An Approach to Evaluate Fractured Reservoirs 
Authors: Nelson, R.A. 
Contribution to the understanding of basement reservoirs:   
1. Proposed sequence of study for fractured reservoir evaluation 
2. Classification scheme for fractured reservoirs introduced to petroleum engineering from AAPG (1979) 
Objective of the paper:  
Produce a sequence for better fractured reservoir evaluation 
Methodology used: 
1. Interpret fracture system origin to increase the predictability of fracture distribution 
2. Determine reservoir properties of the fracture network and how they change 
3. Determine matrix and fracture interaction 
4. Determine the type of fracture reservoir 
Conclusion reached:  
3 fracture types 
 Type 1 – Fractures provide the essential porosity and permeability 
 Type 2 – Fractures provide essential permeability 
 Type 3 – Fractures assist in already producible reservoirs 
4 step approach helps evaluate these complex reservoirs 
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SPE 25016 (1992) 
Clair Discovery: Evaluation of Natural Fractionation in a Horizontal Well Drilled in the Basement and Producing 
From Overlying Sediments 
Authors: Falt, U. et al. 
Contribution to the understanding of basement reservoirs:   
Paper characterizes the fracture system in the Clair Basement and describes a methodology for detection of the major fracture 
zones during the drilling phase. 
Objective of the paper:  
1. Determine and Characterize the fractionation pattern along the well 
2. Establish relationship between fractionation pattern and producing zone identified from the production log 
interpretation 
Methodology used: 
Based on description of cores and log interpretation 
Conclusion reached:  
1. Major fracture network spaced at 100 – 150m 
2. Secondary fracture network spaced at 15-40m. 
3. Intervals correlate with producing zones 
4. Fractures can be identified from drilling parameters 
Comments:  
 Fracture zones located in the basement believed to act as preferential drainage paths for hydrocarbons situated in the 
overlying and adjacent Old Red Sandstones. 
 Three fracture types at Clair; Epidote bearing, Calcite bearing, cataclastic. Only calcite ones produce 
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Geotechnique (1985) v. 35 (10) p. 483 –495 
Permeability Tensor for Discontinuous Rock Masses 
Authors: Oda, M. 
Contribution to the understanding of basement reservoirs:   
Created an analytical method of fracture upscaling based upon the fracture orientation and aperture. Oda assumed the cubic 
law for fracture permeability and the method assumes fractures are well connected. 
Objective of the paper:  
Upscale fractures analytically to give an effective permeability of an equivalent homogeneous anisotropic porous media  
Methodology used: 
Introduced the crack tensor which describes the orientation and size of the fracture. The principle components are taken in the 
permeability tensor are coincident with the crack tensor. 
Conclusion reached:  
If rock masses contain many cracks, they can be treated as homogeneous, anisotropic porous media. Considering the effect of 
crack geometry on the permeability tensor,  
 
𝑘𝑖𝑗 = 𝜆(𝑃𝑘𝑘𝛿𝑖𝑗 − 𝑃𝑖𝑗) 
Comments:  
 Assumes fractures are well connected 
 Fractures are modelled as infinitely long objects 
  
  26 
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts (1985) 22(3),  p. 121–140 
Strength, deformation and conductivity coupling of rock joints 
Authors: Barton, N., Bandis, S., and Bakhtar, K. 
Contribution to the understanding of basement reservoirs:   
Introduces the concept of conductive aperture for fractures given their roughness 
Objective of the paper:  
Describe joint characteristics to stress and strain. 
Methodology used: 
Simulates stress- and size-dependent coupling of shear stress, displacement, dilation and conductivity), and of normal stress, 
closure and conductivity. 
Conclusion reached:  
1. Tilt tests and Schmidt rebound tests conducted on jointed core or on exposed jointed blocks are all that are required to 
obtain estimates of the joint roughness coefficient(JRC) 
2. An important aspect of the coupling between joint deformation and conductivity, is the mismatch of the mechanical 
aperture (E) and the theoretical smooth wall conducting aperture (e) used in the cubic law for flow rate. Areas of 
asperity contact, tortuous flow, and wall roughness account for these differences, which can now be quantified, based 
on a constitutive model relating, E. e and JRC. 
Comments:  
 Roughness due to calcite cementation can be taken into account. 
  
  27 
Rock Mechanics (1992) 
Interpretation of fracture spacing and intensity 
Authors: Dershowitz, W. and Herda, H. 
Contribution to the understanding of basement reservoirs:   
Method of converting one dimensional fracture spacing measurements into three dimensional fracture density measurements 
based on the orientation of the fractures and the dispersion of the fracture poles. 
Objective of the paper:  
Description of the relationship between fracture intensity measures based on solutions from stochastic geometry. 
Methodology used: 
Simulates stress- and size-dependent coupling of shear stress, displacement, dilation and conductivity), and of normal stress, 
closure and conductivity. 
Conclusion reached:  
1. Both fracture spacing and fracture length per unit area on a trace plane (Pz.) can be used to derive three dimensional 
measures for intensity. Intensity measure P32 provides a useful three dimensional measure of intensity which is 
independent of fracture size, and is not affected by the scale of the region analysed. 
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SPE 94186 (2007) 
Fast Estimation of Connectivity in Fractured Reservoirs Using Percolation Theory 
Authors: Masihi, M., King, P., and Nurafza, P. 
Contribution to the understanding of basement reservoirs:   
Introduces percolation theory as a method of assessing fracture connectivity 
Objective of the paper:  
Establish a percolation framework to examine the connectivity of fracture systems at a given finite observation scale in 2D and 
3D.  
Methodology used: 
Use percolation theory to probabilistically predict fracture connectivity based upon the length and density of fractures in a 
finite size system. 
Conclusion reached:  
1. Fracture systems obey the universality principle, which can be used to help produce results of interest without having 
to perform a large number of realizations. 
2. Universal scaling curves can be used to predict fracture connectivity in a fracture of a second saving CPU time. 
 
 
